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We have measured morphological changes of combustion-generated mature soot with var-
ious quantities of hydrocarbon coating and different coating-removal mechanisms. We
made these measurements on soot extracted from a burner and then (1) coated with oleic
acid, (2) coated with oleic acid and then denuded using a thermodenuder, (3) coated with
oleic acid and then heated with a laser, and (4) coated with oleic acid, denuded with a ther-
modenuder, and then laser heated. We compared these results to results for untreated soot
from the burner. The soot samples were size selected using a differential mobility analyzer
prior to coating. Uncoated, coated, and denuded particles were characterized by electric-
mobility size, particle and coating mass, and particle morphology. Our results show that
the particles are restructured (become compact) when coated. Particles sent through the
thermodenuder are irreversibly restructured. Laser desorption of coatings with thicknesses
P20% by mass, however, returns the soot particles to a less compact morphology with
some fragmentation as the coating rapidly vaporizes. A majority of laser-heated heavily
coated particles stay associated with unvaporized oleic acid droplets despite some frag-
ment ejection from the droplet. Thermally denuded particles neither return to a less com-
pact morphology nor fragment when laser heated.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license. 1. Introduction a larger aggregate; primary particles are covalently bound to-Soot is generally produced during the incomplete combustion
of hydrocarbons [1]. In the early stages of formation, tiny
incipient particles in the size range of 2–3 nm in diameter
consist of large hydrocarbons with significant aromatic con-
tent. These particles lose hydrogen as they grow and become
larger and more graphitic in composition. In the final stages
of formation, mature soot is composed of nearly monodis-
perse carbonaceous spheres 10–50 nm in diameter with a fine
structure similar to that of polycrystalline graphite. These
graphitic spheres are called ‘‘primary particles’’, a title used
in this context to refer to the elementary building blocks ofElsevier Ltd.
.
. Michelsen).
Open access undgether to form branched-chain aggregates of varying size. Ma-
ture soot aggregates are refractory and can be heated to
temperatures above 4000 K. Bonds between primary particles
tend not to break, and aggregates do not fragment into pri-
mary particles, even when heated to the sublimation temper-
ature of the particle [2]. Laser irradiation of mature soot
instead tends to lead to annealing or sublimation [2].
The dendritic morphology of mature, uncoated soot aggre-
gates is described by a fractal dimension of 1.7–1.9. Many
studies have demonstrated that these aggregates collapse,
leading to a larger fractal dimension and smaller mobility
diameter, when coated with oxygenated hydrocarbons [3–13]er CC BY-NC-SA license. 
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 81or sulfuric acid [8,14–17]. For some coatings (e.g., heptane,
oleic acid, glutaric acid, sulfuric acid, and dioctyl sebacate)
this restructuring is irreversible, such that the particles retain
a compressed morphology when the coatings are removed in
a thermodenuder [4,7,8,12,16,17]. For succinic acid coatings,
however, the restructuring appears to be insignificant [7].
The propensity of soot to restructure when exposed to
water vapor appears to depend on whether the particle can
adsorb sufficient water vapor to coat the particle. Mature, un-
coated soot tends to be hydrophobic, does not adsorb signifi-
cant water vapor under sub-saturation conditions, and
demonstrates little restructuring with exposure to water va-
por [3,4,6,17]. Exposure of mature, uncoated soot to polar spe-
cies can increase its hydrophilicity, ability to adsorb water,
and extent of compression when exposed to water vapor
[4,6,17]. Exposure to supersaturated water vapor can also lead
to water uptake and restructuring [3,17–19]. Other studies
have demonstrated water-coating induced compaction of par-
ticles generated from diesel fuel containing sulfur, which
leads to production of hygroscopic particles [20,21].
We have studied the effects of coatings of oleic acid on the
morphology of mature soot. We also studied the effects on the
particle morphology of removing the coatings either with a
thermodenuder or with a single laser pulse at 1064 nm. Our
results support previous work, which shows that the soot
aggregates restructure and become more compact when
coated with oleic acid [12,13] and that this effect is irreversible
if the coatings are removed in a thermodenuder [12]. Our re-
sults also demonstrate that, for particles with P20% coating
by mass, the restructuring is largely reversible if the particles
are laser heated and that some aggregate fragmentation
occurs during the rapid laser-induced coating vaporization
process. Our results for uncoated particles are consistent with
previous work that has shown that uncoated soot aggregates
do not fragment during laser heating [2]. If the coatings were
initially removed in a thermodenuder, however, laser heating
neither induces the restructured particles to return to their
original morphology nor causes the particles to fragment.
The thermodenuder appears to leave a small amount of
coating or chemically modified residue on the particles.
Although this residue appears to be readily removed by the
laser, the collapsed morphology of the denuded particles is
maintained. These results have implications for the optical
detection of soot particles coated in exhaust streams or atmo-
spheric black-carbon particles coated during atmospheric
aging.
In the present paper the refractory mature soot aggregates
are referred to as ‘‘soot’’, ‘‘aggregates’’, ‘‘core particles’’, or
‘‘uncoated particles’’. When these aggregates are coated with
oleic acid, they are referred to as ‘‘coated particles’’, and mod-
ifiers to this term, such as ‘‘lightly’’ refer to the coating, e.g.,
‘‘lightly coated particles’’ means that the soot aggregate has
a light coating of oleic acid. After they have been sent through
the thermodenuder, they are referred to as ‘‘denuded parti-
cles’’. If they have been irradiated with the laser, they are
called ‘‘laser-heated particles’’. Under heavy coating condi-
tions, the oleic acid can form independent droplets or
‘‘oleic-acid droplets’’, which may or may not contain soot
aggregates.2. Experimental approach
2.1. Soot generation and coating application
An illustration of the experimental apparatus is shown in
Fig. 1. Soot was generated by an ethylene–air flame from a
co-flow diffusion burner, which had a central fuel nozzle
(5 mm in diameter) protruding 15 mm above a honeycomb
structure (44 mm in diameter) that conducted the air co-flow
[2,22,23]. A mass flow controller (MKS Type 1479A) held the
ethylene flow rate at 0.22 standard liters per minute (relative
to 0 C and 760 torr) (slm-MKS). A second flow controller (MKS
Type 1559A) held the air co-flow at 14 slm-MKS. A brass mesh
tube of 1-cm diameter surrounded the flame to a height of
25 mm and helped to stabilize the flame. The flame and air
co-flow were completely enclosed in a modular flow tube con-
structed from 50-mm-ID tubing components (Kwik-Flange
NW50). The visible flame height in the flow tube was approx-
imately 100 mm. The flame was quenched at 65 mm height
above the burner by a horizontal nitrogen cross flow of 50
slm-MKS that quenched the combustion and carried the soot
to the sampling tube approximately 45 cm downstream. A
Venturi pump (Vaccon JS-40UM) extracted the soot from the
center of the cross-flow tube through a -inch stainless steel
tube with a sample flow rate of 0.38 slm-MKS and a dilution
flow rate of 1.2 slm-MKS, which corresponded to a dilution ra-
tio of 4:1. A differential mobility analyzer (DMA) (TSI 3081)
selected soot in a narrow size range for use in the subsequent
coating, denuding, and measurement sections. The DMA was
set to select aggregates of mobility diameter 150 nm using a
sample flow rate of 0.2 standard liters per minute (relative
to 21 C and 1 bar) (slm-TSI) and a sheath flow of 2.0 slm-TSI.
The coating condenser consisted of a straight section of
50-mm-ID stainless steel tubing 14 cm long with tapered ends
that allowed the particles to flow through continuously to
mitigate the effects of multiple residence times. The con-
denser was wrapped in heating tape and insulated, and a
type-K thermocouple provided the feedback for a tempera-
ture controller. The coating material used in the experiments
was oleic acid (P99%, Sigma Aldrich). The temperature of the
oleic acid was measured with a thermocouple inside the
chamber immersed in the liquid. The flow rate of the aerosol
was 0.200 slm-MKS for all experiments, and the volume of the
chamber was 400 ml, which resulted in a residence time of
approximately 2 min in the coating chamber. Immediately
downstream of the coating chamber a room-temperature
denuder containing activated carbon strips (Sunset Labora-
tory) trapped coating vapor leaving the condenser but allowed
the coated particles to pass. The condenser temperatures and
the nomenclature for the coatings associated with these tem-
peratures are given in Table 1.
2.2. Coating removal by thermal denuding
Coatings could be removed from the particles using a thermo-
denuder. Our thermodenuder design achieved the two impor-
tant criteria suggested by Fierz et al. [24] of avoiding strong
temperature gradients and maintaining elevated gas temper-
atures in the absorption section. We achieved the desired
Fig. 1 – Illustration of the experimental setup. Soot was generated in a co-flow diffusion ethylene–air flame at atmospheric
pressure. Combustion was quenched with a cross flow of nitrogen. Part of the flow was extracted and sent through a DMA for
size selection. The size-selected soot could be sent through a condenser and coated with oleic acid. The coated or uncoated
soot could also be sent through a thermodenuder to remove coating. The uncoated, coated, or denuded soot could be sent
into an optical cell and heated with a pulsed 1064-nm laser. The particles were then sampled by scanning mobility particle
sizer (SMPS) or centrifugal particle mass analyzer (CPMA) or collected for transmission electron microscopy (TEM) imaging.
Table 1 – Coating and denuding conditions.
Coating Condenser
temperature (C)
Laser fluence
coated (J/cm2)
Laser fluence
denuded (J/cm2)
Ave mass
coating ratioa
Ave coating
mass fractionb
Coating mass
fractionc
Uncoated 20 0.15 0.15 1.00 0.00 0.00
Very light 40 0.15 0.15 1.02 0.02 0.05
Light 60 0.17 0.15 1.25 0.20 0.27
Moderately light 70 1.76 0.43 0.47
Moderate 80 0.20 0.15 2.85 0.65 0.72
Moderately heavy 90 7.26 0.86 0.89
Heavy 95 0.20 0.15 12.6 0.92 0.94
Very heavy 105 0.20, 0.27 0.15 37.4 0.97 0.98
Extremely heavy 110 0.20 0.15 70.2 0.99 0.99
a The mass coating ratio averaged over the full mass distribution (all three modes) is given by (total particle mass/uncoated particle mass).
b The coating mass fraction averaged over the full mass distribution (all three modes) is given by (total particle mass–uncoated particle mass)/
total particle mass.
c The coating mass fraction for just the singly charged mode (i.e., Peak 1) is given by (coated particle median mass–uncoated particle median
mass)/coated particle median mass.
82 C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6behavior using two temperature-controlled sections as op-
posed to the three sections in the Fierz et al. [24] design.
The overall length of the thermodenuder was 100 cm with
the initial 70 cm heated in two zones, each 35 cm in length.
The aerosol flowed through 12-mm ID tubing, the first 40 cm
of which was solid-walled stainless steel tubing, and the last
60 cm of the tubing was fine stainless steel mesh surrounded
by activated charcoal contained within a 25-mm ID stainless
steel tube. The initial 90 cm of the denuder was surrounded
by 50-mm thick fiberglass insulation, and over the last
10 cm the stainless steel tubing was left exposed. In the initial
heated section intended to desorb coatings the tubing washeated to 410 C, while the second heated section, which in-
cluded 30 cm of the activated carbon, was heated to 170 C.
The peak temperature in the aerosol stream was 400 C,
approximately in the middle of the initial heated section,
and the temperature gradually decreased axially to approxi-
mately room temperature at the exit of the denuder. The tran-
sit time through the denuder was 34 s.
2.3. Coating removal by laser heating
Laser heating was performed using pulsed 1064-nm radiation
formatted with a top-hat spatial profile to provide uniform
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 83irradiation on the aerosol in a desorption cell. A ceramic iris
with a 3-mm aperture selected a portion of the 5-mm diam-
eter output beam from the Nd:YAG laser (Continuum NY81C)
to produce a top-hat profile that was then relay imaged with
demagnification to produce a 2.4-mm top-hat spatial profile
along the path where laser desorption was performed. A
half-wave plate and thin-film polarizer provided laser
power adjustment without changing the laser profile. The
uniformity of the laser spatial profile was measured using a
beam profiling camera (Dataray WinCamD), and the beam
diameter was found to be 2.3–2.5 mm in diameter along the
desorption path with maximum intensity excursions of
±20% around the mean.
The laser desorption cell consisted of a straight section of
aluminium tubing with Brewster-angled borosilicate glass
windows on both ends providing optical access along the full
axis of the tube, and fittings adjacent to the windows served
as the aerosol inlet and outlet ports. The combination of
desorption cell length (8 cm), inner diameter (2.4 mm), flow
rate (0.2 slm-TSI), and laser profile and repetition rateFig. 2 – Laser-induced incandescence signal and inferred
soot temperature as a function of laser fluence. (a) LII signal
is shown for uncoated, coated, and denuded particles. The
coating levels corresponding to the descriptions given in
Table 1 are indicated in the legend. All denuded profiles are
shown as dotted lines. The thin horizontal line indicates the
signal level associated with the fluences used to laser heat
the particles, (b) the temperatures shown, corresponding to
the data in the top panel, were inferred using Eq. (1). The
thin horizontal line indicates the soot temperature
associated with the fluences used to laser heat the particles.(10 Hz) ensured that the vast majority of the particles studied
would be exposed to comparable laser fluence.
Soot particles were laser-heated to a temperature of
3000 K. This temperature was derived from laser-induced
incandescence (LII) measurements for which the signal de-
pends on the laser fluence and can be associated with a core
particle temperature under low-fluence conditions. The top
panel of Fig. 2 shows the peak of the LII curve recorded in time
as a function of laser fluence for coated and uncoated parti-
cles. More details about these measurements are given in
[25]. The lower panel of Fig. 2 shows the temperatures T in-
ferred from the normalized peak LII signals S shown in the
top panel using the expression [25].
T ¼ B
ln ASþCþ 1
  ; ð1Þ
where A = 113.6, B = 2.110 · 104 K, and C = 2.019 · 1029. Low
laser fluences were chosen for laser denuding to ensure that
the maximum aggregate temperature was well below the esti-
mated sublimation temperature of 4450 K [26]. The fluences
used for the coated and denuded particles were selected to
match the peak LII signal with the signal given for uncoated
soot heated at a fluence of 0.15 J/cm2. Matching the peak LII
signals ensures that the core particles reach the same maxi-
mum temperature whether or not they have coatings. The flu-
ences used are summarized in Table 1.
2.4. Soot characterization by TEM
Particles were collected on transmission electron microscopy
(TEM) grids down stream of the condenser, denuder, and la-
ser-heating cell. The grids were a copper mesh substrate cov-
ered with a layer of Formvar and stabilized with silicon
monoxide (Ted Pella, 01830). The TEM grids were analyzed
using a JEOL 1200 EX TEM (120 kV). The images were collected
at a magnification of 30,000, 100,000, or 250,000 using a CCD
camera with a scaling of approximately 3.40 nm/pixel for the
lowest magnification, 1.02 nm/pixel for the intermediate mag-
nification, or 0.408 nm/pixel for the highest magnification.
The fractal dimension Df of the soot aggregates was in-
ferred from these images by assuming that [27]
N ¼ k0 Rga
 Df
; ð2Þ
where N is the number of primary particles, Rg is the radius of
gyration of the aggregate, a is the primary particle radius
(5.5 nm for our particles), and k0 is a prefactor that depends
on the overlap between primary particles in the TEM image.
When the overlap is small, e.g., for uncoated particles,
k0 = 1.3, and when the overlap is large, e.g., for fully collapsed
particles, k0 = 2.6 [27]. For the intermediate case of very lightly
coated particles, we used k0 = 1.8 [27]. Solving for Df yields.Df ¼ ln N=k0ð Þ
ln Rg=a
  : ð3Þ
We estimate N according to [27]
N ¼ ka ACAa
 a
; ð4Þ
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projected area of the primary particle (assuming here a radius
of 5.5 nm), and ka and a are constants that depend on the over-
lap between the primary particles. When the overlap is small,
e.g., for the uncoated particles,ka = 1.15 and a = 1.07, and, when
the overlap is large, ka = 1.65 and a = 1.16 [27]. For the very
lightly coated particles we used ka = 1.37 and a = 1.11 [27].
2.5. Soot characterization by SMPS and CPMA
The mobility size distributions were recorded using a scanning
mobility particle sizer (SMPS), which consisted of an electro-
static classifier (TSI 3080 with TSI 3081 DMA) and a condensa-
tion particle counter (CPC) controlled by a computer. The
sample and sheath flows in the SMPS were 0.2 and 2.0
slm-TSI, respectively, and the input and output flows of the dif-
ferential mobility(DMA) were balanced. The expected mobility
resolution was 10% of the measured mobility size, where the
resolution is defined at the full-width-half-maximum (FWHM)
of the DMA’s triangular mobility transfer function [28]. An
impactor with a 0.0457-mm orifice at the SMPS limited the max-
imum sampled particle diameters to approximately 800 nm.
Mass distributions were acquired using a Centrifugal Parti-
cle Mass Analyzer (CPMA) (Cambustion CPMA) interfaced to a
CPC (TSI 3776). The mass resolution was typically set to 5.5%,
where the resolution is defined analogously to the DMA reso-
lution as the ratio of the FWHM of the mass to the peak mass
of the triangular transfer function [29]. Corrections to the
mass distributions for multiply charged particles [30] were
performed using our measured mobility distributions and
the charge distribution approximations [31]. The coating
masses corresponding to the condenser temperatures are gi-
ven in Table 1.
The mobility-size and mass distributions were well de-
scribed by a sum of log-normal distribution functions, i.e.,
Wðlog xÞ ¼W1ðlog xÞ þW2ðlog xÞ þW3ðlog xÞ; ð5Þ
where the first mode W1 represents particles that were singly
charged in the neutralizer before the size-selecting DMA, W2
represents the particles that were doubly charged, W3 repre-
sents the particles that were triply charged, and x represents
either the particle mobility diameter Dm or the particle mass
M. The measured number concentrations were fit using Eq.
(5) with each mode represented by a log-normal distribution
given by [32]
Wiðlog xÞ ¼ nﬃﬃﬃﬃﬃ
2p
p
log r
exp 
log xx0
 h i2
2 log2 r
8><
>:
9>=
>;; ð6Þ
with mode-specific values for the median (or geometric
mean) x0, geometric standard deviation r, and scaling factor
n. Coating fractions were calculated using average masses
over the entire multi-modal distributions for the coated parti-
cles and the uncoated particles, i.e.,
M

¼
R
MWðlogMÞdðlogMÞR
WðlogMÞdðlogMÞ ; ð7Þ
and the results are compared in Table 1 with values derived
from the mean and median values for the singly charged
mode.Mobility-fractal dimensions were estimated for the un-
coated and denuded particles from the mobility-size and
mass distributions for comparison with the fractal dimen-
sions derived from the TEM images. Previous work has shown
that the mobility radius Rm is related to Rg according to
Rm ¼ kRRbg; ð8Þ
where kR is a proportionality constant, b = 0.79 in the free-
molecular-flow regime, i.e., when the Knudsen number Kn
(the ratio of the gas mean free path to a characteristic length)
is much greater than one, and b = 1 in the continuum regime
where Kn 1 [27,33]. Eq. (2) can be rewritten with respect to
the mobility radius or mobility diameter Dm (= 2Rm), i.e.,
N ¼ k0 R
1=b
m
ak1=bR
 !Df
¼ k0 að2kRÞ1=b
h iDf
D
Df =b
m : ð9Þ
The number of primary particles can be estimated from the
particle mass M, i.e.,
N ¼ 3M
4pa3q
; ð10Þ
where q is the density of the primary particles, which can be
estimated from the density of polycrystalline graphite (1.8 g/
cm3). Substituting Eq. (10) into Eq. (9), rearranging, and simpli-
fying yields the following relationship between particle mass
and mobility diameter
Dm ¼ CmMb=Dfm ; ð11Þ
where Dfm = Df and
Cm ¼ 2kRab 34pa3qk0
 b=Dfm
: ð12Þ
we have substituted Dfm for Df in Eqs. (11) and (12) to distin-
guish it from the fractal dimension derived directly from
TEM images.
We fit Eq. (11) to the singly, doubly, and, when available, tri-
ply charged peaks of the mobility-size and mass distributions
to infer Dfm and Cm, which were used in the multiple-charge
corrections for the mass distributions. The characteristic sizes
of the aggregates yield values forKn in the range of 0.1–0.5, indi-
cating that they are not safely in the continuum-regime values.
If the primary particles size is the relevant characteristic size
for determining Kn, the value for Kn is 6, suggesting that con-
ditions for the non-restructured aggregates may be close to the
free-molecular flow regime. We found that b = 0.90 gave good
agreement with fractal dimensions derived from TEM images
for the restructured particles and that b = 0.87 gave good agree-
ment for the less compact particles, allowing us to correct for
flow conditions in the slip-flow regime (in between the free-
molecular and continuum flow regimes). We will refer to Dfm
as the mobility-fractal dimension to distinguish it from simi-
larly derived mass-mobility exponents [8,12], also known as
mass-fractal dimensions [7], which have historically neglected
the correction for the flow regime. Because we correct for the
flow conditions, our values of Dfm tend to be lower than previ-
ously reported mass-fractal dimensions [7,8,12] and more con-
sistent with the fractal dimensions measured via TEM. Fitting
results are given for uncoated and coated particles in Table 2
and for denuded particles in Table 3. With the above assump-
tions we find that
Fig. 3 – TEM image of an uncoated soot particle. The
particles were size selected with the DMA set to 150 nm. The
Table 2 – Summary of results for uncoated and coated particles.a
Coating Median Dm (nm) Median Dm (nm) Median M (fg) Median M (fg) Fractal
dimension Df
Dfm Cm (nm fg
b/Dfm)
Peak 1 Peak 2 Peak 1 Peak 2
Uncoated 152 234 0.659 1.67 1.88 1.88 184
Very light 135 203 0.695 1.66 2.16 2.00 160
Light 130 189 0.901 2.19 2.34 2.13 136
Moderately light 126 178 1.24 2.84 2.14 115
Moderate 158 192 2.33 4.35 2.31 2.95 122
Moderately heavy 220 249 6.14 9.01 2.69 120
Heavy 270 314 10.7 14.1 2.30
Very heavy 420 470 34.9 42.1 2.34
Extremely heavy 509 648 66.6 79.7
a The standard deviation is estimated to be 7.5% for median particle mass [34], 63% for median mobility diameter, and 66% for mean fractal
dimension with P13 particles analyzed for each coating.
Table 3 – Summary of results for denuded particles.a
Coating before denuding Median Dm (nm) Median Dm (nm) Median M (fg) Median M (fg) Df Dfm Cm (nm fg
b/Dfm)
Peak 1 Peak 2 Peak 1 Peak 2
Uncoated 154 240 0.665 1.73 1.88 1.87 186
Very light 143 224 2.15
Light 124 175 0.738 1.79 2.36 2.28 139
Moderately light 122 173 0.689 1.67 2.30 142
Moderate 122 171 0.686 1.70 2.36 2.40 140
Moderately heavy 123 173 0.725 1.77 2.37 139
Heavy 117 163 0.721 1.78 2.33 2.44 132
Very heavy 119 170 0.712 1.75 2.39 2.25 137
Extremely heavy 118 163 0.712 1.73 2.43 134
a The standard deviation is estimated to be 7.5% for median particle mass [34], 63% for median mobility diameter, and 68% for mean fractal
dimension with P13 particles analyzed for each coating.
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where Dfm  Df.
For the charge corrections, we used values of b = 0.87,
Dfm = 1.88, and Cm = 184 nm fg
0.456 (derived from uncoated
particles) for the laser-heated and then denuded particles,
values of b = 0.90, Dfm = 2.43, and Cm = 141 nm fg
0.371 for de-
nuded and then laser-heated particles, and values of
b = 0.90, Dfm = 2.7, and Cm = 129 nm fg
0.333 for heavily coated
particles. We used the values in Tables 2 and 3 for all other
conditions.
Mass distributions were inferred from mobility-size distri-
butions and measured fractal dimensions using the
expression
M ¼ Dm
Cm
 Df =b
ð14Þ
for the mass scaling and multiplying the mobility-size distri-
bution by
d log Dm
d log M
¼ b
Df
: ð15Þ
scale is indicated in the lower left corner. The TEM image
was recorded at a magnification of 250,000.
3. Results and discussion
3.1. Effects of coatings on particle morphology
Fig. 3 shows a TEM image of a typical uncoated soot particle
produced by the ethylene flame and sampled in the particlestream after size selection using a DMA set to 150 nm. The
particle demonstrates the branched-chain morphology and
fractal dimension (1.72 ± 0.10) characteristic of mature soot
Fig. 4 – TEM images of uncoated, coated, and thermally
denuded soot particles. The scale is indicated in each panel.
The TEM images were recorded at a magnification of 30,000.
The particles were (a) uncoated, (b) lightly coated with oleic
acid, (c) lightly coated and then thermally denuded. In all
cases, the particles were size selected (DMA set to 150 nm)
prior to coating. Particles that were not coated were also size
selected.
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number of uncoated particles collected from the flame, all
with the same morphology. When coated with oleic acid,
the particles collapse, as demonstrated in Fig. 4b for a
collection of particles with a light coating of oleic acid, inFig. 5a for a particle with a very light coating of oleic acid, in
Fig. 5c for a moderate oleic acid coating, and in Fig. 5e for a
heavy oleic acid coating. This restructuring is represented
by a substantial increase in fractal dimension (from 1.88 for
an uncoated particle to a maximum of 2.31 for a moderate
to heavily coated particle). The fractal dimension change is
summarized in Table 2. This change is consistent with previ-
ous studies that have shown coating-induced fractal dimen-
sion changes of 1.78–2.50 [18], 1.7–2.7 [14], 1.9–2.1 [5], and
1.72–1.87 [6]. During this coating-induced restructuring, the
stringy branched limbs of the particles fold on themselves
and draw in toward the particle center. With a very light coat-
ing, some pockets or voids are still observable (Fig. 5a), and
the fractal dimension is smaller than for the more heavily
coated particles. Particle collapse is more complete, and the
pockets disappear when the particle is moderately or heavily
coated (Fig. 5c and e). TEM images of heavily coated particles
showed oleic acid wetting the surface when the grids were
first mounted in the microscope. The particles were already
restructured with the oleic acid surrounding them and did
not change when the coating evaporated during TEM imag-
ing. The images shown for the coated particles may be par-
tially or fully denuded during TEM imaging, but this process
did not change the morphology of the particles.
The mobility diameter is correlated with the radius of
gyration of a particle [33,45–48]. A reduction in mobility diam-
eter without a reduction in particle mass is consistent with
particle restructuring. Fig. 6a shows the mobility size distribu-
tion for uncoated particles. The largest peak in the size distri-
bution (at 152 nm) corresponds to size-selected particles that
passed through the DMA with a single charge. The peak at
234 nm corresponds to particles that were doubly charged
when passing through the DMA, and the peak at 310 nm is
associated with triply charged particles. The small peak at
100 nm is attributable to particles that were singly charged
in the first DMA and became doubly charged in the neutral-
izer before the second DMA, which is part of the SMPS. The
SMPS charge-correction software removes most (but not all)
of this peak. These modes appear in all of the size distribu-
tions presented here. Similar modes are demonstrated in
the mass distributions.
Fig. 6a also shows mobility-diameter size distributions cor-
responding to the very lightly and lightly coated particles,
compared with the distribution for the uncoated particles,
and Fig. 6b shows the associated mass distributions. The
mobility size distribution is significantly smaller for the very
lightly and lightly coated particles. These results show that
the mobility size decreases with increasing coating thick-
nesses for light and moderate coatings. Although the mobility
diameter decreases with increasing coating, the mass in-
creases measurably with increasing coating for all coating
thicknesses. The coating on the very lightly coated particles
is so small that the mass change is not resolved with the
CPMA, but nevertheless the mobility diameter is significantly
smaller for the lightly coated particle than for the uncoated
particle, which is consistent with the change in fractal dimen-
sion shown by the TEM images.
Adding more coating causes the particles to grow in mobil-
ity diameter and mass because of the extra material from the
coating itself, as shown for moderately to very heavily coated
Fig. 5 – TEM images of coated and thermally denuded soot particles. The scale is indicated in each figure. The TEM images
were recorded at a magnification of 250,000. The particles were (a) very lightly coated with oleic acid, (b) very lightly coated
and then denuded, (c) moderately coated with oleic acid, (d) moderately coated and then denuded, (e) heavily coated with
oleic acid, and (f) heavily coated and then denuded. In all cases, the particles were size selected (DMA set to 150 nm) prior to
coating.
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 87particles in Fig. 6c and d. The change in mobility diameter and
mass with particle coating is summarized in Table 2.
3.2. Effects of thermal denuding on particle morphology
Sending coated particles through a thermodenuder to remove
the coating appears to have little effect on the particles’ col-
lapsed morphology, as shown for lightly coated particles in
Fig. 4c, for a very lightly coated particle in Fig. 5b, for a mod-
erately coated particle in Fig. 5d, and for a heavily coated par-ticle in Fig. 5f. The mobility size distributions shown in Fig. 7a
confirm that the particles do not return to their original size
when the coatings are removed in a thermodenuder. The
thermally denuded particle size distribution is more consis-
tent with that of the restructured lightly coated particles.
The thermodenuder itself has a negligible effect on the un-
coated particles, as shown by the singly charged mode in
Fig. 7; the multiply charged modes are more variable in gen-
eral than the singly charged mode. The amount of coating
the particle originally had seems to increase the amount the
Fig. 6 – Mobility-diameter size and mass distributions of size-selected soot aggregates that have been coated with oleic acid.
The uncoated particles were size selected with a DMA set to 150 nm prior to coating. Particles that were not coated were also
size selected. (a) The size distribution of the uncoated particles is compared with those of particles that have been very lightly
and lightly coated with oleic acid. The units on the y-axis are normalized values of number of particles per unit volume in
each mobility size bin (dW/d logDm), (b) the mass distributions of the very lightly and lightly coated particles are compared
with the mass distribution for the uncoated particles. The units on the y-axis are normalized values of number of particles
per unit volume in each mass bin (dW/d logM), (c) the size distribution of the uncoated particles is compared with those of
particles that have been moderately, heavily, and very heavily coated with oleic acid, (d) the mass distributions of the
moderately, heavily, and very heavily coated particles are compared with the mass distribution for the uncoated particles.
Curves are scaled to the top of each graph and identified in the legend.
88 C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6particle collapses, as indicated by the mean mobility diame-
ters given in Table 3. These results are quantitatively consis-
tent with the results of Ghazi and Olfert [12] who
demonstrated a similar decrease in mobility diameter of up
to 17% with a mass coating ratio change from 1 (uncoated)
to 5 (moderately heavy coating) for particles coated with oleic
acid and then denuded. They also observed a saturation of the
effect at higher mass coating ratios, which is consistent with
our results. These results further support previous work that
has shown that restructured soot aggregates coated with oxy-
genated hydrocarbons or sulfuric acid do not regain their ori-
ginal morphology when the coating is removed with a
thermodenuder [4,7,8,16,17]. The mobility-fractal dimensions
inferred from the mobility-size and mass measurements Dfm
(see Table 3) reproduce the trends observed in the values de-
rived from the TEM images Df (see Table 3); fractal dimension
increases from 2.16 to 2.34 with increasing coating prior to
denuding for light and moderate coatings but is independent
of original coating for heavier coatings.
The mass distributions shown in Fig. 7b and summarized
in Table 3 indicate that the denuded particles are slightly hea-
vier than the uncoated particles by 0.05 ± 0.03 fg on average.
These results suggest that the denuder as operated in this
study may leave a small amount of residual coating on the
particles.3.3. Effects of laser heating on particle morphology
In contrast to the irreversible restructuring observed when
the thermodenuder is used to remove coatings, restructured
lightly, moderately, and heavily coated soot returns to a less
compact morphology similar to that of uncoated soot when
heated with a laser at relatively low fluence. TEM images of
soot particles that were lightly coated with oleic acid and then
laser heated are shown in Fig. 8a, and those that were heavily
coated and then laser heated are shown in Fig. 8b. Higher-
resolution examples are shown for individual particles of
lightly coated soot in Fig. 9a, moderately coated soot in
Fig. 9c, and heavily coated soot in Fig. 9e. Many of the parti-
cles shown in Fig. 8a and b demonstrate structures similar
to the loose dendritic structure of the uncoated particles
displayed in Figs. 3 and 4a, but a small subset (<15%) of the
particles maintain the collapsed morphology of the coated
particles. The column labeled ‘‘Percent intact’’ in Table 4 lists
the percentages of laser-heated particles that remain
collapsed as determined by analysis of TEM images, such as
those shown in Fig. 8a and b. The number of particles sur-
veyed for this assessment is also given in Table 4.
Laser heating has no effect on the size distribution and
fractal dimension of uncoated particles at these low fluences,
as demonstrated in Fig. 10a. This observation is consistent
Fig. 7 – Mobility-diameter size and mass distributions of
size-selected soot aggregates that have been coated with
oleic acid and then thermally denuded. The uncoated
particles were size selected with a DMA set to 150 nm.
Particles that were not coated were also size selected. (a) The
size distribution of the uncoated particles is compared with
those of particles that have been coated with oleic acid and
then denuded in a thermodenuder. The units on the y-axis
are normalized values of number of particles per unit
volume in each mobility size bin (dW/d logDm), (b) the mass
distributions of the coated and denuded particles are
compared with the mass distribution for the uncoated
particles. The units on the y-axis are normalized values of
number of particles per unit volume in each mass bin (dW/
d logM). Curves are scaled to the top of each graph and
identified in the legend.
Fig. 8 – TEM images of laser-heated soot particles. The scale
is indicated in each figure. The TEM images were recorded at
a magnification of 30,000. The particles were (a) lightly
coated with oleic acid and then laser heated, (b) heavily
coated and then laser heated, (c) heavily coated, thermally
denuded, and then laser heated. In all cases, the particles
were size selected (DMA set to 150 nm) prior to coating.
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 89with previous results, which demonstrated that uncoated
soot does not fragment into primary particles at any fluence
and that the particles reach the sublimation temperature
without fragmenting [2]. Fig. 10a also shows that the effects
of laser heating are negligible for very lightly coated particles,
and Table 4 shows negligible effects on the fractal dimension
by laser heating.
The particle morphology observed in the TEM images for
laser-heated lightly coated particles (Figs. 8a and 9a) is mani-
fested in the size distributions shown in Fig. 10b as an in-
crease in the mean mobility size. Fig. 10b also shows a
broadening of the size distribution of the laser-heated parti-
cles to smaller particle sizes. One possible explanation is that
oleic acid vaporized from the laser-heated particles re-condenses to form new particles. However, sending the parti-
cles through the thermodenuder to remove oleic acid after
laser heating returns the same size distribution (shown in
Fig. 10b), which demonstrates that these new particles in
the size range of 20–100 nm are not oleic acid. These parti-
cles appear to be fragments of the core soot particles. Laser
heating more heavily coated particles increases the degree
Fig. 9 – TEM images of coated, laser-heated (left) and coated, thermally denuded, and laser-heated (right) soot particles. The
scale is indicated in each figure. The TEM images were recorded at a magnification of 250,000. The particles were (a) lightly
coated with oleic acid and then laser heated at a fluence of 0.17 J/cm2, (b) lightly coated, denuded, and then laser heated at a
fluence of 0.15 J/cm2, (c) moderately coated with oleic acid and then laser heated at a fluence of 0.20 J/cm2, (d) moderately
coated, denuded, and then laser heated at a fluence of 0.15 J/cm2, (e) heavily coated with oleic acid and then laser heated at a
fluence of 0.20 J/cm2, and (f) heavily coated, denuded, and then laser heated at a fluence of 0.15 J/cm2. In all cases, the
particles were size selected (DMA set to 150 nm) prior to coating, and the laser fluence was selected to heat the particles to
3000 K.
90 C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6of soot-particle fragmentation, as demonstrated for moder-
ately coated particles in Fig. 10c. The aggregate fragments
do not decrease in size, but more of them are generated from
the moderately coated particles. In addition, enough coating
is vaporized during the laser heating of the moderately coated
particles that significant numbers of oleic acid particles
(mobility diameters <50 nm) are also formed. These particlesare removed when the sample is passed through a thermode-
nuder after laser heating, as shown in Fig. 10c.
One explanation for these results is that rapid heating of
the particle and vaporization of the coating forcefully opens
the particle, breaking off limbs of the soot aggregates in the
process. The process may require a minimum amount of
coating to build sufficient internal pressure within the
Table 4 – Summary of results for particles that were laser-heated.a
Coating Parent
meanb
Fragment
meanb
Size
parent
Size
frag
Df
Parents
Df
Fragments
Df
Intact
%
Fragmentse
%
Intactf
Number
particles
surveyedgDm (nm) Dm (nm) #pp
c #ppc
Uncoated d d 1.85 0 100
Very light d d 2.15 0 100
Light 139 111 519 66 1.88 2.07 2.24 67 14 360
Moderate 134 80 290 42 1.99 2.09 2.27 75 9 482
Heavy 145 62 240 62 1.96 2.15 2.21 56 8 392
Very heavy 135 53 404 54 2.01 2.12 2.26 71 5 227
a The standard deviation is estimated to be 66% for mean fractal dimension with P37 particles analyzed for each coating. Particles were
denuded prior to mass and mobility size measurements but not denuded prior to sampling for TEM analysis.
b Mean over entire bimodal distribution.
c Average number of primary particles.
d No fragmentation observed.
e Derived from SMPS fits.
f Derived from TEM images.
g Number of particles used to derive the intact fraction.
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 91aggregate to change its morphology, which may explain why
very lightly coated particles (indistinguishable from uncoated
by mass) do not undergo such morphology changes when la-
ser heated. This mechanism would also explain why more
fragmentation is observed for the moderately coated particles
than for the lightly coated particles.
Fig. 10c also demonstrates that, when the moderately
coated laser-heated particles are sent through the thermode-
nuder, a peak appears between 110 and 140 nm, whereas par-
ticles disappear between 145 and 200 nm. This behavior
suggests that the coating is not fully vaporized by the laser
under these conditions and that some of the soot particles
are still contained in a mantle of oleic acid or large oleic acid
droplets. When the remaining oleic acid is removed in the
thermodenuder, the measured particle sizes shrink to the size
distribution of the core soot particles. This effect is more pro-
nounced for heavily coated particles, which is consistent with
recent results based on laser-induced incandescence studies
[25].
When the particles are heavily coated, laser heating does
not fully vaporize the coating. Fig. 11 demonstrates that the
size distributions for heavily, very heavily, and extremely
heavily coated particles do not change substantially when la-
ser heated. Some aggregate fragment formation is observable
in the small size range (20–100 nm), but less fragmentation is
obvious with increasing coating thickness. A majority of the
oleic acid droplets are left after these heavily coated particles
are laser heated. Fig. 11 shows that, when the heavily to ex-
tremely heavily coated particles are thermally denuded after
laser heating, the large droplets disappear, leaving particles
with smaller size distributions, i.e., size distributions for the
non-volatile core particles. These results suggest that the par-
ticles undergo rapid heating, coating vaporization, and frag-
mentation, but that this heating is not sufficient to vaporize
the oleic acid droplet containing the core particle. Although
some aggregate fragments escape from the particles, most
of the soot particles remain surrounded by a mantle of oleic
acid after laser heating.
In an attempt to derive more quantitative information
about laser-induced fragmentation and particle-morphologychanges from the size distributions shown in Figs. 10 and
11, we have fit these distributions assuming three types of
particle populations, and the results are shown in Fig. 12.
We have assumed (1) an intact distribution, which represents
the aggregates that remain collapsed, (2) a fragment distribu-
tion, which is broad and includes the small aggregate frag-
ments that escape from the droplets, and (3) a parent
distribution, which represents the larger aggregate fragments
that are not collapsed, tend to stay associated with the drop-
lets, and are likely the source of the smaller aggregate frag-
ments. The mobility-size distributions for the laser-heated
and denuded particles were fit with several modes repre-
sented by log-normal distributions, i.e., Eq. (6). The intact dis-
tribution was constrained to fit the mobility-size distribution
of the denuded particles for each coating thickness (shown in
Fig. 7a). The magnitude of the intact distribution was con-
strained to yield the fraction of soot particles with fractal
dimensions similar to those of the coated denuded particles
observed in TEM images, such as those in Fig. 8a and b. These
values and the number of particles surveyed to derive them
are given in Table 4. The average fractal dimension of these
particles is also given in Table 4, demonstrating consistency
with the fractal dimensions given in Table 3 for denuded par-
ticles. The small fragment distribution was derived with a bi-
modal log-normal distribution, which was constrained to fit
the mobility-size distribution of the laser-heated, denuded
particles below 100 nm. The parent distribution was fit with
a bimodal log-normal distribution. The results for different
coating thicknesses are shown in Fig. 12 and summarized in
Table 4.
The intact distribution is a small fraction (<15%) of the to-
tal particle count for coating thicknesses P20%. This portion
decreases with increasing coating thickness, largely because
the number of fragments increases with coating thickness.
For the moderate and heavy coatings the intact particles re-
main within the oleic acid droplets that are not fully vapor-
ized by the laser. Because the laser may not irradiate all of
the particles close to the wall of our optical cell, the intact par-
ticles may at least partially represent the particles that were
not hit with the laser.
Fig. 11 – Mobility-diameter size distributions of laser-heated
coated particles. The uncoated particles were size selected
with a DMA set to 150 nm. Size distributions are shown for
(a) heavily coated particles, laser-heated heavily coated
particles, and heavily coated particles heated with the laser
and then sent through a denuder, (b) very heavily coated
particles, laser-heated very heavily coated particles, and
very heavily coated particles heated with the laser and then
sent through a denuder, and (c) extremely heavily coated
particles, laser-heated extremely heavily coated particles,
and extremely heavily coated particles heated with the laser
and then sent through a denuder. The units on the y-axis
are normalized values of number of particles per unit
volume in each mobility size bin (dW/d logDm). The curves
representing particles that have not been laser heated are
scaled to the top of the graph, and the other curves are
scaled to the non-laser heated curves.
Fig. 10 – Mobility-diameter size distributions of laser-heated
coated particles. The uncoated particles were size selected
with a DMA set to 150 nm. Particles that were not coated
were also size selected. Size distributions are shown for (a)
uncoated particles, laser-heated uncoated particles, very
lightly coated particles, and laser-heated very lightly coated
particles, (b) lightly coated particles, laser-heated lightly
coated particles, and lightly coated particles heated with the
laser and then sent through a denuder, and (c) moderately
coated particles, laser-heated moderately coated particles,
and moderately coated particles heated with the laser and
then sent through a denuder. The units on the y-axis are
normalized values of number of particles per unit volume in
each mobility size bin (dW/d logDm). Curves are scaled to the
top of each graph and identified in the legend.
92 C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6For the heavy coatings the parent particles also appear to
be associated with oleic acid droplets not fully vaporized by
laser heating. The small fragments, on the other hand, tend
to escape the particle during aggregate fragmentation, sup-
porting the hypothesis that aggregate fragments are forcefully
removed from the particle during rapid coating vaporization
and particle expansion. Surprisingly, the parent particles that
remain inside the remaining oleic acid droplets do not
restructure again after laser heating. The fractal dimensions
for these particles (given in Table 4) are 62.01, which is signif-icantly less than those of the coated and thermally denuded,
coated particles (given in Tables 2 and 3), suggesting a much
less compact morphology for the laser-heated particles.
These fractal dimensions were derived for particles that did
not fall into the intact category and were larger than
100 nm in mobility diameter (200 primary particles). The
fractal dimensions of the laser-heated particles tend to be lar-
ger, and the associated mobility sizes tend to be smaller, than
Fig. 13 – Mobility-diameter size distributions of particles
that have been coated, laser heated, and then thermally
denuded. Prior to coating, the uncoated particles were size
selected with a DMA set to 150 nm. Measured size
distributions are shown for very heavily coated particles
that have been (a) laser heated at fluences of 0.20 J/cm2
(triangles) and 0.27 J/cm2 (circles). Measured size
distributions are also shown for particles that were (a and b)
laser heated at 0.20 J/cm2 and then denuded (dashed) and (a
and c) laser heated at 0.27 J/cm2 and then denuded (dotted).
The distributions were fit (thin lines) using several log-
normal distributions to represent intact particles (solid
lines), small aggregate fragments (dot-dashed lines), and
parent aggregates (dotted lines) from which the fragments
were produced, as indicated in the legend. The units on the
y-axis are normalized values of number of particles per unit
volume in each mobility size bin (dW/d logDm).
Fig. 12 – Mobility-diameter size distributions of particles
that have been coated, laser heated, and then thermally
denuded. Prior to coating, the uncoated particles were size
selected with a DMA set to 150 nm. Measured size
distributions (dashed lines) are shown for (a) lightly coated
particles, (b) moderately coated particles, (c) heavily coated
particles, and (d) very heavily coated particles. The
distributions were fit (thin lines) using several log-normal
distributions to represent intact particles (solid lines), small
aggregate fragments (dot-dashed lines), and parent
aggregates (dotted lines) from which the fragments were
produced, as indicated in the legend. The units on the y-axis
are normalized values of number of particles per unit
volume in each mobility size bin (dW/d logDm).
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 93those of the uncoated particles. These trends are consistent
with a smaller size and more compact morphology resulting
from loss of limbs during aggregate fragmentation. The small
fragments tend to have an even larger fractal dimension than
the parents (Table 4), which is indicative of short segments.
The average size of these fragments (40–65 primary particles)is much smaller than that of the parents (240–520 primary
particles).
Moteki and Kondo [49] hypothesized that laser heating
causes volatile coatings on soot particles to be explosively
desorbed, leading to a soot particle separated from the vola-
tile coating. Our results are not consistent with this mecha-
nism. The results shown in Figs. 10–12 indicate that, during
the laser pulse, heavily coated soot particles heat and rapidly
vaporize some coating, which leads to expansion of the
Fig. 14 – Mobility-diameter size and mass distributions of
coated particles that have been thermally denuded and then
laser heated. The uncoated particles were size selected with
a DMA set to 150 nm. Particles that were not coated were
also size selected. The laser fluence was 0.15 J/cm2 for all
particles that were thermally denuded prior to laser heating.
(a) Size distributions of coated and denuded particles are
compared with those of particles that have been coated with
oleic acid, thermally denuded, and then heated with a laser.
The units on the y-axis are normalized values of number of
particles per unit volume in each mobility size bin (dW/
d logDm), (b) mass distributions are shown to correspond
with the size distributions displayed in (a). The units on the
y-axis are normalized values of number of particles per unit
volume in each mass bin (dW/d logM). Curves are scaled to
the top of each graph and identified in the legend.
94 C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6aggregate that is forceful enough to expel aggregate frag-
ments from the oleic acid droplet. Most of the soot particles,
however, stay associated with the oleic acid droplet when the
coating is thick (>75% by mass).
Higher laser fluences tend to increase the number of small
refractory particles Fig. 13a shows a comparison of measured
mobility size distributions of laser-heated particles with a very
heavy coating at fluences of 0.20 and 0.27 J/cm2. The higher la-
ser fluence heats the particles to an estimated 3767 K com-
pared with the maximum temperature of 3135 K estimated
for the lower laser fluence. The higher laser fluence demon-
strates more particles in the small mode below 100 nm. When
sent through the denuder, these particles are not removed and
appear to grow in number, suggesting that the unvaporized
oleic acid droplet had contained some of these small particles
in addition to the parent particles. Because the temperature is
approaching the sublimation temperature of the core particle,
the appearance of additional small particles may be the result
of condensing carbon vapor sublimed from the parent particle.
Such new particle formation has been observed previously at
laser fluences >0.22 J/cm2 at 1064 nm [2]. Fig. 13b shows the
same fits presented in Fig. 12d, and Fig. 13c shows the corre-
sponding fits for the high-fluence case. The fits suggest that
the small-particle population increases from 71% to 90% of
the total particle population when the laser fluence is in-
creased from 0.20 to 0.27 J/cm2.
If the particle coating is removed in the thermodenuder
prior to laser heating, the aggregate does not return to a less
compact morphology, and there is no evidence of aggregate
fragmentation. Fig. 8c shows an ensemble of heavily coated
particles that have been thermally denuded and then laser
heated. The image shows collapsed aggregates that are as
compact as the heavily coated and denuded particle shown
in Fig. 5f. For comparison with Fig. 5f, a higher-resolution
example of a heavily coated, thermally-denuded, and laser-
heated particle is shown in Fig. 9f. Similar examples are
shown in Fig. 9b for a light coating and in Fig. 9d for a moder-
ate coating. All of these particles are significantly more com-
pact than the uncoated particles or the vast majority of the
particles that were laser heated prior to the thermodenuder.
The fractal dimensions derived for these particles (given in
Table 5) are consistent with those of the coated particles (gi-
ven in Table 2) and the coated, denuded particles (given in Ta-
ble 3). Fig. 14 shows mobility-size and mass distributions for
particles that have been coated and denuded compared with
particles that have been coated, denuded, and laser heated.
The laser-heated particles appear to have a slightly smallerTable 5 – Summary of results for particles that were denuded a
Coating Median Dm (nm) Median M (fg
Uncoated 154 0.629
Very light
Light 119 0.648
Moderate 117 0.628
Heavy 117 0.602
Very heavy
a The standard deviation is estimated to be 7.5% for median particle ma
dimension with P16 particles analyzed for each coating.mobility size (4 nm) and mass (0.09 fg) than the particles
that have not been laser heated, and the mass distributionsnd then laser-heated.a
) Df Dfm Cm (nm fg
b/Dfm)
1.82 191
2.17
2.33 2.47 139
2.39 2.27 141
2.35 2.56 140
2.37
ss [34], 63% for median mobility diameter, and 67% for mean fractal
C A R B O N 6 1 ( 2 0 1 3 ) 8 0 –9 6 95of the laser-heated, coated, denuded particles are the same as
the mass distribution for the laser-heated uncoated particles.
The results suggest that laser heating removes the residual
coating left on the coated particles after thermal denuding
(shown in Fig. 7b and discussed above).
4. Conclusions
We have used a wide range of techniques to demonstrate that
soot is restructured (and the fractal dimension increases from
1.88 to2.34) when coated with oleic acid and that the restruc-
turing increases with the amount of coating. These results sup-
port those from previous studies of coating-induced
restructuring of soot [3–17] and also demonstrate that signifi-
cant restructuring can occur with an extremely small amount
of coating. We have also confirmed previous studies that have
shown that removing the coatings in a thermodenuder does
not return the particle to its original morphology [4,7,8,16,17]
and that the degree of irreversible restructuring increases with
increasing coating thickness [12]. In addition, we have shown
that removing light (20% by mass) and moderate (65% by mass)
coatings by laser heating to 3000 K allows the particle to re-
turn to a significantly less compact morphology and leads to
some fragmentation of the refractory soot aggregate as the
coating forcefully leaves the particle. Laser heating particles
with very light coatings causes neither morphology changes
nor aggregate fragmentation. Laser heating heavily coated par-
ticles does not lead to full vaporization of the oleic acid mantle
and causes some soot fragmentation and ejection of aggregate
fragments from the oleic acid droplet. Most of the laser-heated
soot particles, however, appear to stay associated with the
remaining oleic acid droplet when the particle is heavily
coated, despite being heated to 3000 K; these particles do
not collapse back to the restructured morphology after laser
heating. We have further shown that, if the coating is originally
removed in a thermodenuder, laser heating leads to neither a
less compact morphology nor fragmentation.
These results are relevant to applications of optical diag-
nostics to measurements of inhomogeneous carbonaceous
particles, e.g., in combustion systems or the atmosphere.
Non-absorptive coatings are well known to change the optical
properties of soot particles and have a strong effect on
absorption and scattering cross sections [5,7,8,11,14–
16,44,50], but the impact of aggregate morphology and
restructuring on the optical properties of soot aggregates is
not as well understood. Volatile coatings can also have an im-
pact on the radiative emission from laser-heated soot and
graphite particles [14,25,44,49]. Recent work has suggested
that particle morphology has a significant influence on soot
detection by laser-induced incandescence (LII), a technique
in which the particles are heated with a high-power laser
and the resulting radiative emission is measured [25]. Signals
are higher, for instance, for thermally denuded particles than
for uncoated particles. Our results show that thermally de-
nuded particles (whether laser heated or not) have a much
more compact morphology than uncoated or laser-heated
coated particles; these results support the theory that these
particles have a lower conductive cooling rate during and fol-
lowing laser heating, which will lead to higher LII signals ontimescales where conductive cooling is important. Although
the morphology changes probably affect LII signals, the frag-
mentation observed is unlikely to influence LII signals be-
cause the primary-particle sizes do not change at these
fluences, and the fragments are relatively large. The impact
of these results is a better understanding of the physical char-
acteristics of the particles being measured and the associated
complications of these characteristics.Acknowledgments
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